In a woven fabric composite, arrangement and behavior of the fibers contained in the yarn and the yarns themselves lead to an intricate deformation mechanism. The current research, therefore, intends to propose a simplified mathematical micromechanics model for calculating mechanical properties of the plain weave composite using finite element analysis (FEA). A repetitive volume element (RVE) cell approach has been adopted for properties evaluation of plain weave composites. The FEA allows the modeling and portrayal of fabrics by taking into account various geometric parameters such as the yarn undulation, the probability of existence of consonances in a unit cell and interaction between warp and fill tows. These factors help in generating a mesh close to the actual fabric/composite. Additionally, a technique to represent the internal layout of composite structure employing actual dimensions of yarn geometry using conventional measurement devices, rather than using the demanding method of obtaining measurements from photomicrographs of sectioned laminates, is also proposed. The geometric symmetries as reported in the available literature were also incorporated during the model formulation. The theory of comparative displacements was then used to construe these symmetries into appropriate mechanical terms. Consequently, this leads to the formulation of boundary conditions for the RVE. The proposed finite element micromechanics model is different from the existing models in a way that it defines the yarn cross-sectional path based upon computational fluid dynamics technique rather than conventionally obtained photomicrographic results or the proposed sinusoidal paths by various researchers. Experiments were then performed on the laminates used for obtaining the geometric parameters with the aim of supporting the validity of the suggested model. The results of computational analysis were found to be in good agreement with the outcomes of experimental investigation.
Introduction
With recent advancements, composite materials have exhibited an overwhelming significance in comparison to their metallic counterparts. The parameters that established their supremacy are their high strength-to-weight ratio, excellent stiffness-to-weight ratio and the ease of manufacturing of complex geometries [1] . Owing to these benefits, there is an increased interest globally among the researchers and industrial companies toward unconventional fabric architectures. Non-crimp and woven fabrics are some of the outcomes of these efforts. This is particularly important because of their certain beneficial properties over conventional unidirectional pre-pregs like higher interlaminar shear strength [2] , better damage resistance and impact tolerance, etc. [3] . Unlike unidirectional laminates, the fabric architecture also offers balanced properties in the woven fabric plane. Moreover, because of their ease of handling and improved drapability, these fabrics have become prime contributors as strengthening materials in low-budget manufacturing.
Woven fabrics can be defined as two or more arrays of yarns interweaved at some orientation relative to each other to form a fabric. The fabric is known as orthogonal two-dimensional (2D) fabric or plain weave fabric, if the two yarns are entwined perpendicular to one another. The yarn that is along the weave length direction is known as the warp yarn, and the yarn that is in transverse direction is referred to as the fill or weft yarn [3] .
Material properties such as strength and stiffness of fabric-reinforced composites are governed by the fabric design, strength and orientation as well as constituents' properties. Undulation, density of the fiber tows and fiber undulation (waviness) are the factors that influence the fabric design. The waviness in fibers results in crimping (i.e., excessive bending), which results in drastic degradation of the composite mechanical properties [4] .
Plain weave is one of the most simplified fabric architectures in textile composites. Many researchers [5] [6] [7] [8] [9] [10] have used the unit-cell approach, by considering various shapes and sizes, to perform micromechanical finite element analyses (FEAs) on woven composites. Ishakawa and Chou [11] [12] [13] [14] carried out initial research on 2D woven fabric-reinforced composites. Their work was primarily limited to one dimension only. They were preceded by numerous analytical methods and FEA models for envisaging the material properties of 2D as well as 3D woven composites.
Hahn and Pandey [15] proposed an analytical method to evaluate the material properties of plain weave composites. Tow sketches and profiles were defined by authors' formulated mathematical algorithms by assuming a sinusoidal cross-sectional path. The significance of their research was the consideration of the voids' volume fraction during fiber volume fraction calculation, which was previously ignored by researchers. The stiffness matrix of the woven fabric was calculated by keeping in mind the iso-strain condition. Micromechanics equations were used to calculate the tow stiffness components. Scida et al. [16] developed a model based upon classical laminate theory (CLT) named MESOTEX (mechanical simulation of textiles). The authors followed the common discretization approach for tows and matrix in the unit cell to calculate the fabric properties.
The accurate formulation of the unit-cell architecture is one of the most important features in FEA of textile composites. To date, numerous mathematical models were proposed for defining unit-cell characteristics. A simple analytical together with a numerical model was developed by Aitharaju et al. [17] to predict plain weave fabrics properties. The unit cell is discretized using brick elements, wherein single element is used throughout the cell thickness. Fiber volume fraction, direction of fibers and the constituents' properties were used to compute the stiffness properties of every element. The model yields sufficiently accurate results except for interlaminar shear modulus G 13 . Blackletter et al. [18] proposed a 3D finite element (FE) model based upon PATRAN ® for plain weave composites. The hexahedral elements were used for mesh generation; wherein, the tows are assumed as unidirectional composites. The fiber properties are estimated using 2D generalized plane strain micromechanics. Two kinds of FE models were developed by Collegal and Sridharan [19, 20] . The first type is analogous to the preceding models as meshing was done by using 3D solid elements for the quarter model of the repetitive volume element (RVE). The later type differs from the conventional models in a way that the tows are represented by plate elements and the matrix sandwiched between the tows is defined by 3D solid elements. Response of both the models corresponds well with the experiments. Zhai et al. [21] developed a model based upon defining the sketch from actual dimensions of tow geometry; photomicrographs were used for measurement of dimensions.
To summarize, it can be concluded that though numerous models, for determining the properties of plain weave composites, were continuously being developed to date, every model has its own merits and limitations. For instance, shear modulus is always underpredicted by all CLT-based models, as the concept of rule of mixtures being a core of it. The models using photomicrographs for the geometric parameters require tedious processing of photomicrographs of sectioned laminate followed by complex image processing. In some models [22] [23] [24] [25] , the boundary conditions applied as periodicity by keeping in consideration the geometry and stress and strain fields only, and neglecting the displacement field. However, upon investigation through FEA, the displacement field turns out to be of crucial importance as stresses as well as strains are obtained from displacements in reality.
In this article, a micromechanical FE model is proposed for estimating the elastic constants for plain weave composites. The proposed FEA model is different from previous models in a manner that it employs a technique similar to that of mesh cleaning technique used in computational fluid dynamics (CFD). The proposed technique is used for determining the cross-sectional path (or undulation) of tows rather than any photomicrographs or CLT. The technique also helps in overcoming the common problem of underpredicted interlaminar shear moduli generally encountered while using CLT to estimate the properties of the fabric. In addition, the geometric parameters are obtained from the direct measurements taken from the single yarn by using conventional measurement instruments such as micrometer gauges and calipers. The model is tested for T300 carbon fiber-LY 564 (Toray Carbon Fibers America, Inc., Santa Ana, CA, USA) composite material systems and Kevlar 49 fiber-LY 564 (DuPont Advanced Fiber Systems, Richmond, VA, USA) composite material system and validated via the corresponding experimental results.
The results came out to be in good argument with the numerical analysis.
Proposed unit cell model

Assumptions
Distinctive unit-cell architecture is assumed that consists of smaller repetitive fabric substructures, the underlying fabric structure symmetries and fibers and matrix properties are incorporated within the cell for correct estimation of homogenized mechanical behavior [26, 27] . Figure 1 depicts a typical unit cell/RVE cell demarcated by the dotted lines regime.
As elaborated earlier, woven composites comprise of intertwined continuous fibers engulfed in a matrix. This representation helps in describing their distinctive structure at microscale level.
Three types of material symmetries namely orthotropic (for rectangular fiber arrangement), square (for square arrangement) and transverse isotropy (for hexagonal or entirely random packing) are established for composites to date. These material symmetries enable to reduce the number of elastic constants related to strain tensor. In the present analysis, orthotropic symmetry is considered. These assumptions help in simplifying analysis of the micromechanical model in order to calculate elastic properties. The following assumptions are considered for the geometric model so that the RVE approach can be used [26] 
Geometric modeling
Parameters required for geometric modeling
It is difficult to measure fabric thickness accurately because of the compressibility of the fabric. Conventionally, cross-sectional images acquired through scanning electron microscopy (SEM) or microtomography are used to measure the thickness. In the current work, two methods are adopted for measuring the thickness. The first one is to keep the fabric between two flat plates and apply a small amount of pressure that is sufficient enough to bring the fabric in contact with the inner surfaces of both the plates. In the second method, fiber thickness is calculated through a micrometer screw gauge, and the process is repeated several times to achieve consistency. This method is beneficial in the sense that it eliminates the requirement of microscopic analysis albeit providing the results in much less time with a satisfactory degree of accuracy.
Other parameters required during the modeling of the plain weave RVE are yarn spacing, height and width. Yarn spacing is defined as the distance from the edge of one yarn to the edge of the neighboring yarn. Yarn height and width are referred to the maximum distance between a single yarn edges along the minor and major axes, respectively. Conventionally, yarn height is taken as half of the fabric thickness, and same convention is adopted in the present study. However, for the calculation of yarn width, a simple direct ruler is used instead of photomicroscopic analysis. This is done by taking a single ply from the specimen, and then the desired parameter is calculated. To minimize the effect of measurement and fabrication process errors, the total number of yarns was computed over the entire length of the laminate. The spacing measurement was then done by dividing the number of yarns over the entire length. Table 1 gives the dimensions of the measured parameters. Owing to the plain weave fabric architecture, the spacing between the adjacent warp and fill yarns were considered equal [6] . Figure 2 illustrates the geometric parameters required for the modeling.
In the figure, a 1 is the length of the fill yarn, whereas a 2 is the length of warp yarn. Width of the yarn is represented by a 3 , which is equal for both warp and fills yarn. A yarn path is considered as a one-dimensional line that represents the center line of a yarn in 3D space. For the modeling purpose, yarn is considered as repeatable; therefore, only a small characteristic length is modeled (quarter model). In various previous studies [4, 21] , a yarn path is defined from the photomicrographic images where the center line of the yarn is plotted and its coordinates are measured. There are many predefined yarn paths available in the literature [28] . For the present analysis, a periodic cubic spline is initially used for the modeling. This type of spline is very useful for modeling yarn paths of a unit cell. Since the path is only a small section of the full yarn, it needs to be periodic. This type of spline ensures continuity of the second order across repeated unit cells [28] . From the periodic cubic spline, the yarn path is later modified by using the CFD mesh independence technique. Figure 3 shows the initial periodic spline used during the analysis.
Yarn cross section is defined as that the smallest section that encompasses all the yarn fibers. Different shapes have been investigated by different workers; some of them include the ellipse, power ellipse and a lenticular shape [29] [30] [31] . For the present study, the shape chosen is modified lenticular shape. A lenticular shape is defined as the intersection of two circles separated from each other by some vertical distance. Figure 4 shows the lenticular shape.
Model development
The 3D models are created in TexGen ® (University of Manchester, Manchester, UK), open source software, having different user-friendly modules and an interactive graphical user interface (GUI) to work with. In TexGen, there are two ways of creating a model. One is through Weave Wizard, and second is through Modeler. Wizard is the easier way to create a model as the user needs to input some required parameters, but compromises on flexibility and control required in the geometry. On the contrary, the Modeler provides a better control over textile geometry, but it comes at the cost of additional modeling steps. In the present work, the Modeler approach [32] is used for the model creation. To begin with, a yarn is initially created with the help of two to three master nodes, which are used to lay the cross-sectional path.
The cross section and path curves that describe the tow surfaces in the warp and fill directions were blended to model the yarn surfaces in TexGen™. This is achieved by the predefined solid creating Yarn module option available in the software. The warp and weft yarns are constructed using the symmetry conditions. As a whole, four entwined volumes were created with the help of duplicating module in TexGen™, two in the warp and two in the fill directions, respectively. Figure 5 depicts the initial model.
The solids representing the tows may overlap where the surfaces are seamed together. This happens as a result of interpolation of those analytical functions defined by the software for constructing splines. Therefore, the next step is to ascertain that there should be no intersections between the yarn volumes. This is important as the intersections will result in erroneous calculations. The investigation revealed a peculiar intersection pattern throughout the RVE ( Figure 6 ). Three types of crossovers termed as 1, 2 and 3 were observed. First is the one that changes its position on both sides of the crossover. The second is the one in which the cross yarn changes its position only on one side, while the third represents the cross section that remains constant throughout. Case 3 is the one that has no intersections, while cases 1 and 2 have intersections. Case 1 and 2 intersections were removed by adding further nodes in the yarn path. This helps in the maneuvering of the path in a much better manner, and the intersections throughout the RVE are then removed by using the novel technique of mesh equivalence of CFD. With the aid of this technique, all the cross-sectional paths were redefined by manually removing the intersections and redefining the new master nodes. This procedure is repeated until the time all the intersections were removed.
The yarns are then confined in a finite region to form a unit-cell model by using the Domain module of the software. The domain is characterized by the plane where the negative side of the plane is considered as out of domain region. Figure 7 shows the final RVE model.
Finite element modeling 2.3.1 Boundary conditions for the model
Although a repetitive volume cell of such abridged size is appealing for numerical analysis, its modeling, however, is inconsequential until appropriate boundary conditions are defined. There is much past research available in the literature to augment this argument. For instance, in Ref. [8] , the need of the boundary conditions was ruled out by taking into account some assumed stress/strain fields. Reference [33] violated a well-known phenomenon of mechanics of materials by considering that after deformation under in-plane direct loading, opposite faces in the x and y directions remain parallel. However, the authors used the approximate nature of the boundary conditions under in-plane shear loading. The account established in Ref. [24] is the most appropriate to the present study. All the geometric symmetries employed in the above discussion have been identified there.
Conventionally, the formulation of a unit-cell model comprises two stages. The first stage deals with the identification of geometric symmetries, while the later stage involves deducing these symmetries into appropriate boundary conditions [34] . The current research asserts its originality on the later part. Boundary conditions formulated in Ref. [24] were for a particle-reinforced composite, which is extended to fiber-reinforced composite in this analysis. For the ease of illustration, boundary conditions have been enumerated in the present section with its subsequent relationship to the displacement fields in a much simplified manner than the one presented in Ref. [24] .
In that article, it was assumed that a laminated block layer represents plain weave textile composite that contains a large number of such layers and they arranged them in a manner as to make use of translational symmetry in the thickness direction (z) possible. Translational symmetry transformations deal with the similar transformation of stresses and strains from one RVE to any other as their reflection. Consequently, these transformed displacements can be converted to the strains.
Equations for the relative displacement can be established for a point P in a RVE to the macroscopic strains ( Figure 8 ). Following equations [24] explain these relationships and are as follows:
where, x, y, z = coordinates of point P u, v, w = displacements at point P x′, y′, z′ = coordinates of point P′ u′, v′, w′ = displacements at point P′
x y y z x z ε ε ε ϒ ϒ ϒ = macroscopic strains defined in terms of virtual nodes. The second assumption is of rigid body constraints. It means that there should be no rigid body motions in order to avoid other field variables along with deformation field. This is done by restricting the rigid body translations (u = 0, v = 0, w = 0) and rotations at the RVE. These defined set of equations can be applied after removing rigid body motions as periodic boundary conditions (PBC) for the numerical analysis of the unit cell. These defined PBC are described separately for the faces, edges and vertices of the RVE. To begin with, six faces (A, B, C, D, E and F) as depicted in Figure 9 are considered first, and separate relationships for each face corresponding to the respective set of nodal points are established.
First, considering nodes of faces A and B:
A B -0 w w =
For, faces C and D:
For, faces E and F:
where (x′-x), (y′-y) and (z′-z) represent the respective distances between the set of faces of the RVE. However, it is imperative to consider that the mentioned set of equations describe the boundary conditions for faces only. This can be further illustrated in Figure 10 . Figure 11 represents edges of the RVE. It is clear from the figure that the edges are common among adjoining faces; therefore, further equations are needed for the nodal points that correspond to the mentioned edges. The nodal points of the respective edges are represented by Roman subscripts.
Periodic boundary conditions for edges of RVE
The relationships for the nodal point's displacement of the edges (I-XII) in the form of macroscopic strains can be defined as follows: Figure 10 : Constrained nodes on a face. It is vital to understand that the above equations described the boundary conditions for edges only. This can be further illustrated in Figure 12. 
Periodic boundary conditions for vertices of RVE
The same procedure is adopted for deriving the mathematical relationships for the vertices (corners) of the RVE, which are depicted in Figure 13 . The following set of equations constitute the boundary conditions for the vertices of the RVE: Figure 12 : Constrained nodes on an edge. Figure 14 shows nodal point for a vertex. The boundary conditions were applied on the model once performing the analysis in ABAQUS/Standard™ (Dassault Systemes, Villacoublay Cedex, France) by writing a sub routine.
Load application with reference to macroscopic stresses and effectual elastic material properties
Macroscopic strains were integrated in the shape of independent degrees of freedom in all the previously discussed boundary conditions. The methodology adopted for calculation is that these independent degrees of freedom are taken to be virtual nodes or master nodes as defined by different FE software packages. Therefore, net macroscopic stresses are enforced on these master nodes in the form of generalized concentrated loads. This generalized concentrated force can be described as: Equating W to E results in a relationship between the applied concentrated force F x and the macroscopic stress o x . σ The following relationships can be attained by applying the same technique to each extra degree of freedom:
It is then assumed that a concentrated force that is equal to the volume of the unit cell is applied on the body; hence, all the elastic moduli are simply the reciprocal of the displacement of that master node in that particular direction.
Meshing and assigning of material properties
Two elements are considered for the FE model. FEs as transversely isotropic material and matrix elements as isotropic materials are assigned material properties, respectively, according to CLT. The material properties of the constituents of both the material systems are given in Table 2 . The tow volume fraction was calculated through thermo-gravimetric analysis.
To perform the analysis, the model developed through TexGen ® needs to be imported to ABAQUS/Standard™. This is done through a Voxel file that enables the export of FE models of the plain weave fabric to ABAQUS/Standard™ without any nodes distortion. Three types of element types are available in ABAQUS/Standard™ for the solution of problems as considered in the present study, which are C3D8R (continuum eight-node linear brick element with reduced integration), C3D8 (continuum eight-node linear brick element with full integration) and C3D20 (continuum 20-node quadratic brick element).
Mesh sensitivity analysis
In TexGen, the user has to manually define the number of element size for x, y and z coordinates. In the coming discussion, the element numbers will appear in the order of x, y and z axes, respectively. This approach is termed as dry meshing. Different types of combination were selected for getting the strain in all the directions. The results were tabulated in Table 3 . It is clear from Figure 15 that after the highlighted point, there is no significant change in the deformation value. Therefore, the combination selected is 50-30-30, which is also evident from Table 3 .
Results formulation
The analyses were then carried out in ABAQUS/Standard™ by using the principle of virtual nodes. The results obtained from the FEAs were in the form of deformations in the corresponding directions. To simplify the process, the force applied in the related direction is assumed equal to the volume of the RVE. The elastic constants thus can be calculated by just taking the inverse of the displacement in that direction [24] . Tables 4 and 5 give the values of material constants for carbon fiber-reinforced epoxy and Kevlar fiber-reinforced epoxy composite systems, respectively.
Experimental investigation
For the purpose of validation of the proposed model developed above, experimental tests were carried out for T300/ LY-564 and Kevlar-49/LY-564 plain weave composites. The specimen preparation, testing procedure, experimental results and comparisons between the predicted and measured results are discussed in this section.
Materials and preparation of test specimens
This section explains the materials and procedures adopted for the fabrication of testing specimens. The hand layup method was used for the preparation of the coupons. The stacking sequence of the specimen is crossply. Stacking sequence in the plain weave composites was determined through the directions of warp and weft yarns. Aluminum tabs were bonded to the ends of the specimens to reinforce the gripping sections where tensile load was applied. The end tabs had a nominal thickness of 1.3 mm. For smooth transfer of loads from tabs to coupons, the end of tabs nearest to the test section was beveled at an angle of 45°. The end tabs had a width of 51 mm and a length of 15 mm thus leaving an effective gauge length of 200 mm. All specimens had a constant cross section with tabs bonded to the ends. Manufacturing of the coupons and tests were conducted in accordance with the ASTM standard D-3039. Figure 16 illustrates tensile testing of a test specimen. The short-beam method that has been widely adopted for characterizing the interlaminar failure resistance of fiber-reinforced plastic composites was used for experimental investigation. A short specimen having a rectangular cross section was loaded in three points bending for interlaminar shear failure to occur. Two cylindrical rollers that allow lateral motion were used as the specimen supports, and the load was applied through a central roller placed at the sample mid-length as shown in Figure 17 . Experiments were performed at a loading rate of 10 mm/min using standard Universal Testing Machine (UTM).
From the experiments, the elastic modulus and shear modulus calculated for the carbon fiber-reinforced Table 6 . Table 7 gives the comparison of elastic constants obtained from numerical analysis with those from the experiments.
Results and discussion
The elastic constants for the two different composite systems determined through the proposed micromechanical model were presented in Tables 4 and 5 . Table 7 gives the comparison between computational and experimental results. Table 7 gives good agreement between the predicted and the experimental results. In the case of carbon fiber-reinforced composites, the percentage difference between the two values of The measurement of the out-of-plane properties requires very thick specimens that would be very difficult to manufacture using the Hand Layup process. Therefore, no comparison between analytical predictions and experiments for out-of-plane properties has been included in this article. It is worth mentioning for the in-plane results that the micromechanical model overestimates the macro-mechanical properties. This may be due to some fiber misalignment in the fabric, which arises because of the crept distortions in the layers during the manufacturing process, therefore adversely affecting the measured properties of the laminate. It is also prudent to mention that experiments are always susceptible to errors especially with respect to positioning of the strain gauges. Furthermore, composite materials are inherently imperfect, containing microscopic defects such as micro-voids which in fact degrade their mechanical properties. Such phenomenon is not catered for in the present model.
Conclusion
This article encompasses the formulation and details of a novel 3D numerical micromechanical model. The distinctiveness of the model is the prediction of elastic properties of woven fabrics model in a relatively much faster and effective manner than the previous models. The model proposed a new technique similar to CFD analysis instead of utilizing the previous measuring parameter techniques. It, therefore, enables to reduce the time required for conventional experimental techniques. The mechanical properties were then extracted by performing the analysis in ABAQUS. The model was employed to derive the properties of plain weave Kevlar and plain weave carbon composites. In order to augment the validity of the model, results acquired were compared with experimental data. A good match between predictions and experimental results was attained. The present model can be easily extended to various other fabric architectures like interlocked, satin weave to name a few [26] .
